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Transverse	  Spin	  Asymmetries	  AN	  
AN =

dσ L − dσ R

dσ L + dσ R
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dσ
dϕ

= A+ AN sin(ϕ )St	  ϕ	  

Long	  history	  AN	  measurements	  in	  pp	  
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Forward	  neutron	  AN	  

PLB 650 (2007) 325. 

AN = (−0.090± 0.010)×1.0−0.24
+0.47 Very	  first	  RHIC-‐Spin	  measurement	  	  

At	  IR12	  from	  2001-‐2002	  
	  
An	  accidental	  discovery	  	  

Were	  looking	  for	  π0	  asymmetry	  while	  
developing	  Local	  Polarimeter	  
	  

Discovery	  -‐>	  CalibraEon	  	  
Was	  immediately	  implemented	  for	  
polarizaEon	  measurements	  at	  IR	  
(trans.	  component)	  
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One	  pion	  Exchange	  model	  in	  Regge	  
framework	  model	  	  
(interference	  between	  pion	  and	  a1-‐
reggeon	  exchange)	  



Forward	  neutron	  
measurements	  at	  PHENIX	  



ZDC:	  Zero	  Degree	  Calorimeter	  
～1800cm 

10cm	

±3 mrad	
Dx magnet	
blue beam yellow beam 

Hadron	  sampling	  calorimeter	  made	  of	  Tungsten	  plate	  and	  fibers	  
Detects	  neutrons	  and	  measure	  their	  energy	  
5.1λT 149X0 (3 ZDCs), Energy resolution ~ 20% @ 100GeV	


ZDC	  

beam	


×	  3	  modules	  è	  



2nd	  ZDC	  module	  

SMD	  

SMD:	  Shower	  Maximum	  Detector	  
Arrays	  of	  plasEc	  scinEllators	  Installed	  between	  1st	  and	  2nd	  modules	  of	  ZDC	  	  

7	  strips	  in	  X,	  8	  strips	  in	  Y	  
Measures	  neutron	  hit	  posi7on	  

By	  calculaEng	  the	  center	  of	  gravity	  of	  shower	  generaEng	  in	  the	  1st	  ZDC	  module	  

PosiEon	  resoluEon	  ~1cm	  @	  100GeV	  neutron	  

And	  charged	  veto	  
For	  charged	  background	  rejecEon	  	  



Neutron	  ID	  

40	  <	  EZDC	  <	  120	  GeV	  
Minimizes	  background	  contribuEon	  

Charged	  veto	  
Rejects	  charged	  background	  

No/liOle	  energy	  in	  ZDC-‐2	  	  
Suppresses	  photon	  background	  

>1	  SMD	  strip	  fired	  
Suppresses	  photon	  background	  

ZDC	  energy	  response	  
	  from	  PYTHIA+GEANT	  

Neutron	  purity	  >97%	  
Residual	  background:	  protons,	  K0	  



AN	  Measurements	  

•  Detector	  Ler-‐Right	  asymmetries	  or	  	  
Spin	  Up-‐Down	  asymmetry	  

	  
	  
	  
	  
	  
•  Square	  root	  formula:	  cancels	  acceptance	  and	  

luminosity	  effects	  
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Run15:	  from	  pp	  to	  pA	  



p+p	  	  	  vs	  	  	  p+Al	  	  	  vs	  	  	  p+Au	  

AN>0	  AN<0	   AN<0	  



AN	  vs	  nucleus	  mass	  
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AN	  vs	  nucleus	  mass	  
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AN	  vs	  nucleus	  mass	  
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An	  aOempt	  	  
for	  Physics	  InterpretaEon	  

pT<0.25	  GeV/c	  (at	  √s=200	  GeV)	  =>	  pQCD	  not	  applicable	  



One	  Pion	  Exchange	  

PRD 88 (2013), 032006 B.Kopeliovich	  et	  al	  
PRD	  84,	  114012 

p+p:	  One	  Pion	  Exchange	  (OPE)	  model	  successful	  for	  both	  x-‐secEon	  and	  AN	  
Does	  it	  work	  for	  p+A	  ?	  
Other	  mechanisms	  definitely	  exist,	  at	  least	  in	  p+A	  

p	

p	
π+	

n	↑	

X	  



Ultra	  Peripheral	  Collisions	  
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HESZ2015, Nagoya, Japan, 11 Sep. 2015 Hiroaki MENJO / 24
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LHCf Preliminary
=5.02TeVNNsLHC p-Pb, 

High concentration of 
neutrons, seen in LHCf 

data is well reproduced by 
MC of UPCs, especially  
p+Pb→Δ+Pb→n+π+ + Pb 

For testing interaction models, 
QDC contribution must be extracted from the measured results.  
    UPC <= Background, factor 10 higher than signal at 0 degree. 
    How it can be rejected (reduced) experimentally ?

dNγ/dEγ vs Eγ 

Photon	  flux	  similar	  at	  LHC	  and	  RHIC	  
	  
UPC	  –	  the	  dominant	  source	  of	  forward	  
neutron	  producEon	  in	  p+A	  

Hiroaki	  Menjo	  
HESZ-‐2015	  



QCD	  scaOering	  
From	  Manabu	  Togawa’s	  thesis	  

PYTHIA+GEANT	  simulaEon,	  EZDC	  >	  5	  GeV	   PYTHIA:	  30%	  of	  neutron	  
producEon	  in	  pp	  in	  ZDC	  
acceptance	  	  
	  
Mainly	  from	  gluon	  scaOering	  
	  
	  Δ0,	  Δ+,	  Δ−,	  Λ0	  −>	  n	  



AN	  

Needs	  interference	  between	  helicity	  flip	  and	  	  
helicity	  non-‐flip	  amplitudes	  

↑ =
1
2

+ − i −( )↑ =
1
2

+ + i −( )

AN =
dσ ↑ − dσ ↓

dσ ↑+ dσ ↓
∝ Im M *

Non−Flip ⋅MFlip( )

-‐1/2	  1/2	  



AN:	  One	  Pion	  Exchange	  

Single transverse spin asymmetry of forward neutrons
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We calculate the single transverse spin asymmetry ANðtÞ, for inclusive neutron production in pp
collisions at forward rapidities relative to the polarized proton in the energy range of RHIC. Absorptive

corrections to the pion pole generate a relative phase between the spin-flip and nonflip amplitudes, leading

to a transverse spin asymmetry which is found to be far too small to explain the magnitude of AN observed

in the PHENIX experiment. A larger contribution, which does not vanish at high energies, comes from the

interference of pion and a1-Reggeon exchanges. The unnatural parity of a1 guarantees a substantial phase
shift, although the magnitude is strongly suppressed by the smallness of diffractive !p ! a1p cross

section. We replace the Regge a1 pole by the Regge cut corresponding to the !" exchange in the 1þS
state. The production of such a state, which we treat as an effective pole a, forms a narrow peak in the 3!
invariant mass distribution in diffractive !p interactions. The cross section is large, so one can assume

that this state saturates the spectral function of the axial current and we can determine its coupling to

nucleons via the partially conserved axial-vector-current constraint Goldberger-Treiman relation and the

second Weinberg sum rule. The numerical results of the parameter-free calculation of AN are in excellent

agreement with the PHENIX data.

DOI: 10.1103/PhysRevD.84.114012 PACS numbers: 13.85.Ni, 11.80.Cr, 11.80.Gw, 13.88.+e

I. INTRODUCTION

The single transverse spin asymmetry of neutrons was
measured recently by the PHENIX experiment at RHIC [1]
in pp collisions at energies

ffiffiffi
s

p ¼ 62, 200 and 500 GeV.
The measurements were performed with a transversely
polarized proton beam and the neutron was detected at
very forward and backward rapidities relative to the polar-
ized beam. Preliminary results are depicted in Fig. 1. An
appreciable single transverse spin asymmetry was found in
events with large fractional neutron momenta z. The data
agree with a linear dependence on the neutron transverse
momentum qT , and different energy match well, what
indicates at an energy independent ANðqTÞ.

Usually polarization data are more sensitive to the
mechanisms of reactions than the cross section. Below
we demonstrate that the large magnitude of the single
transverse spin asymmetry of forward neutrons discovered
in [1], reveals a new important mechanism of neutron
production ignored in all previous studies of the reaction
cross section.

At the same time, neutrons produced with xF < 0 show a
small asymmetry, consistent with zero. This fact is ex-
plained by the so called Abarbanel-Gross theorem [2]
which predicts zero transverse spin asymmetry for
particles produced in the fragmentation region of an un-
polarized beam. This statement was proven within the
Regge pole model illustrated in Fig. 2. The amplitude
of the reaction p " þp ! X þ n squared, Fig. 2(a), is
related by the optical theorem with the triple-Regge graph

in Fig. 2(b). According to Regge factorization the proton

spin can correlates only with the vector product, [ ~k% ~k0],
of the proton momenta in the two conjugated amplitudes,
as is shown in Fig. 2(b). According to the optical theorem

these momenta are equal, ~k ¼ ~k0, so no transverse spin
correlation is possible. Regge cuts shown in Fig. 2(c)
breakdown this statement, but the magnitude of the gained
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FIG. 1 (color online). Single transverse spin asymmetry AN in
the reaction pp ! nX, measured at

ffiffiffi
s

p ¼ 62, 200, 500 GeV [1]
(preliminary data). The asterisks show the result of our calcu-
lation, Eq. (40), which was done point by point, since each
experimental point has a specific value of z (see Table I).
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Interference	  between	  π and a1	  Reggeon	  exchange	

B.Kopeliovich	  et	  al	  
PRD	  84,	  114012 



Coulomb-Nuclear	  Interference(CNI)	  

 RHIC proton 
beam 

Forward scattered 
proton 

 H-jet target  

recoil proton 

Polarize
d proton 

Recoil 
carbon 

Carbon 
target 

↓↑
LL NN or  

↓↑
RR NN or  

↓↑ or

p+C	  -‐>	  p+C	  

p+p	  -‐>	  p+p	  

Interference	  between	  electromagneEc	  and	  hadronic	  amplitudes	  in	  the	  
Coulomb-‐Nuclear	  Interference	  (CNI)	  region	  



New	  CNI	  measurements	  from	  Run15	  	  
Run15	  Hjet	  results:	  Oleg	  Eyser	  (PSTP-‐2015	  workshop)	  	

Also	  strong	  A-‐dependence	  

Fixed target  
with 100 GeV 
p(A) beam 

Forward neutron 
measurements are at 
t~0.02 - 0.5 (GeV/c) 2 



ConnecEon	  to	  pion	  AN	  ?	  
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DiffracEve	  process	  with	  pion	  exchange	  	  

AN(p)	  <−−>	  AN(π0)	  AN(n)	  <−−>	  AN(π+)	  



STAR:	  pp→π0	  X 	  
N
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EM-Jet Energy = 40-60 GeV                              60-80 GeV                                       80-100 GeV no. photons =  1                  2                       3                     4                   5

Largest AN for isolated π0 
  
Smaller AN for more 
complex events (more 
activity around π0) 
 
Smaller AN with away 
side jet present 

Does AN come from 2→2	  
scaOering? 
May AN come from hard 
diffraction:  
p↑+p à π0+ p’+X  

STAR has already collected data in 2015 
with Roman Pots to tag forward scattered p 



Future	  Measurements?	  	  

.;;

Why a Fixed Target Program?
 Results from NA-49 have been used to claim 

onset of deconfinement at 𝑠 =7.7 GeV
 To test this claim STAR needs to access 

energies below 7.7 GeV where we expect no 
QGP formation

 At these lower energies the luminosity of RHIC
is too low, making it impractical to take data in 
collider mode

Proof of Principle: Au + Al Beam Pipe Studies

Acknowledgements

Conclusions
 Successful fixed target test runs have been 

taken at different center of mass energies 
with both gold and aluminum beams.

 These test runs demonstrate that the STAR 
detector works well in this novel setup

 Preliminary ratio results are consistent with 
previous experiments

 The detector upgrades will allow us to 
extend the BES energies down to  3.0 GeV 
without sacrificing luminosity

This material is based upon work supported by the National Science Foundation under Grant No. 1404281. Any 
opinions, findings, conclusions, or recommendations expressed in this material are those of the authors and do 

not necessarily represent the views of the National Science Foundation. 

Results from Fixed Target Collisions at STAR
Kathryn Meehan, for the STAR Collaboration

University of California, Davis

4.9 GeV Al + Au Test Run Performance 2015

Gold Target Installation

3.9 GeV Au + Au Test Run 2014

4.5 GeV Au + Au Test Run Performance 2015

Coulomb Analysis

Detector Upgrades

Event display of an actual Au + Au fixed target event with 𝑠 = 3.9 GeV 

Vertex Distribution of Au + Al Beampipe Events

Pion Spectra for the Au + Al Data 
at 𝒔𝑵𝑵 = 3.0, 3.5 and 4.5 GeV 

Pion Spectra for the Au + Al Data 
at 𝒔𝑵𝑵 = 3.0, 3.5 and 4.5 GeV 

Au + Au 3.9 GeV vertex distribution QA plot illuminating target Insertion of thin gold target and support 
structure inside the beam pipe

QA Plot illuminating target and beam pipe flanges. In run 14 
the beam pipe narrows between z~ 170 cm – 300 cm.

Fluctuation Analysis

Above,  in  descending  order,  are  the  “kink”,  “horn”,  and  “step”  
features used by NA49 to claim onset of deconfinement at 
about 7 GeV.

Reference: PR C77 024903 (08) 

Run 14 details:

The target foil is 
held 2 cm below of 
the beam axis. 

The foil is 1 mm 
thick (4%).

Not the defining 
(most narrow) 
aperture.

A technician installing the fixed target.

The Coulomb potential can be extracted from a fit to the ratio of pion yields.

Event display for Au + Au fixed target collisions

Event display for Al + Au fixed target collisions

STAR PRELIMINARY

STAR PRELIMINARY

STAR PRELIMINARY

STAR PRELIMINARY

STAR PRELIMINARY

Arer	  2020:	  	  
	  
Plan	  to	  get	  more	  pA	  data	  
sPHENIX	  &	  STAR	  

Nuclear	  mass	  dependence	  (more	  species),	  energy	  dependence,	  correlaEons	  	  

Before	  2020:	  	  
	  
PHENIX	  decommissioned	  arer	  2016	  	  	  
No	  plans	  for	  pA	  collisions	  
STAR	  fixed	  target	  in	  2017?	  



Summary	  
AN	  of	  forward	  neutron	  producEon:	  	  
from	  pp	  to	  pA	  
	  
Ø  Strong	  dependence	  on	  nucleus	  mass	  (or	  Z?)	  

and	  parEcle	  producEon	  in	  other	  rapidity	  
regions	  

Ø  Likely	  mulEple	  mechanisms	  contribute	  
Ø  SaturaEon	  or	  compensaEon?	  	  
Ø  QED	  or/and	  high	  parton	  density	  effect?	  
Ø  Good	  to	  measure	  nuclear	  mass	  dependence	  

(more	  species)	  	  and	  √s	  dependence	  	  	  
	  
Need	  theoreEcal	  input	  !	  	  
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Great	  thanks	  to	  CAD	  for	  providing	  us	  with	  dedicated	  stores	  for	  
these	  measurements,	  
And	  STAR	  collaboraEon	  for	  agreeing	  with	  providing	  us	  with	  
these	  dedicated	  stores	  



Backup	  



Energy	  and	  PosiEon	  ResoluEon	  

Δx, y = 5.1
E(GeV )

+ 0.5 (cm)



ZDC	  energy	  leakage	  at	  edges	  



Contributors	  to	  ZDC	  events	  
From	  Manabu	  Togawa’s	  thesis	  



Contributors	  to	  ZDC	  events	  
From	  Manabu	  Togawa’s	  thesis	  



HJet:	  AN	  in	  pp	  

( ) 2*Im had
NF

em
NF

had
SF

had
NF

em
SFNA φφφφφ +≈

24	  GeV:	  calculaEons	  with	  no	  hadronic	  spin	  
flip	  amplitude	  contribuEon	  are	  not	  
consistent	  with	  data	  

100	  GeV:	  calculaEons	  with	  no	  hadronic	  spin	  
flip	  amplitude	  contribuEon	  are	  consistent	  
with	  data	  

24	  GeV	  

100	  GeV	  PLB638,	  450	  
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pC:	  AN	  

zero hadronic  
spin-flip 

With hadronic  
spin-flip (E950) 

Phys.Rev.Le0.,89,052302(2002)	  

pC Analyzing Power 

Ebeam	  =	  21.7GeV	   Ebeam	  =	  100	  GeV	  

unpublished	  
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ElasEc	  scaOering:	  interference	  between	  electromagneEc	  and	  hadronic	  amplitudes	  
in	  the	  Coulumb-‐Nuclear	  Interference	  (CNI)	  region	  
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New DAQ for the HJET polarimeter at RHIC A. A. Poblaguev
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Figure 13: Comparison of elec-
tronic noise for all 96 strips. Blue
points are for negative jet polariza-
tion and red points are for positive.

0 100 200 300

Ti
m

e 
��[

W
FD

 u
ni

ts
]

0

10

20

30

40

  [WFD units]pt-t
10− 0 10

Ev
en

ts
 / 

bi
n

0

5000

10000 <12.5 MeVkin0.5<E
25 < A < 87
25 < A < 87

Hjet Chan 8  (Si9)  IYU.04

]1/2   [MeVE
1 2 3

Ev
en

ts
 / 

bi
n

0

5000

10000

Amplitude ��[D�X]�

A
5 10 15

dN
/d

A 
 [a

.u
]

0

1000

2000

3000

4000�Figure 14: HJET strip
time/amplitude distribution
for Gold beam. Time structure for
elastic events is attributed to the
beam bunch structure.
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Figure 15: The h(
p

A) distribu-
tion for recoil protons from Gold
scattering on jet protons.

that contribution of inelastic scattering Au/Al + p! p+X does not exceed few percent compared
to elastic scattering.

Since scattering of the 100 GeV/n Au(Al) beam on polarized protons is equivalent to scat-
tering of 100 GeV polarized proton beam on Au(Al) nuclei we were able to measure the 100
GeV proton nuclear p"A analyzing power for Au and Al as a function of momentum transfer
t = (pout � pin)2 =�2mpT . The preliminary results are shown in Fig. 16.

Interesting to note that filling of RHIC rings with carbon beam may allow us to measure
p-Carbon analyzing power which would be very helpful for understanding the performance of p-
Carbon polarimeters used in AGS/RHIC [12].

7. Summary

New DAQ based on VME 12 bit 250 MHz FADC250 for RHIC HJET polarimeter was assem-
bled, tested, and employed in RHIC Run 2015. Different calibration methods were tested. Energy
resolution sE ⇠ 20 keV is dominated by electronic noise. Systematic errors in energy calibration is
dE/E < 0.5% for 1-6 MeV protons. Time alignment of electronic channels is better than 120 ps.
z-coordinates of detectors may be monitored with accuracy d z  100 µm. A full reconstruction
of punch through protons allowed us to increase recoil proton energy range to 0.5-11 MeV and
suppress background for stopped protons. Preliminary study of systematic errors in polarization
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C   (2004, unpublished)↑p
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3UHOLPLQDU\ Figure 16: Preliminary results for analyzing power
for 100 GeV polarized proton scattering on p, Au, and
Al measured in Run 15. Only a small (⇠ 10%) part
of all data was included in the analysis. Background
contribution was not subtracted. For comparison, un-
published results [11] obtained at RHIC p-Carbon po-
larimeter in 2004 are also shown.
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π0	  AN	  in	  pA	  

Ø  Unique	  RHIC	  possibility	  p↑A	  
Ø  Synergy	  between	  CGC	  based	  theory	  and	  

transverse	  spin	  physics	  
Ø  Suppression	  of	  AN	  in	  p↑A	  provides	  

sensiEvity	  to	  Qs	  

Ø  Data	  already	  collected	  in	  Run-‐2015!	  

Probing gluon saturated matter, Color Glass 
Condensate (CGC) with polarized protons 

Kang,	  Yuan:	  PRD84,	  034019	  
Kovchegov,	  Sievert:	  PRD86,	  034028	  


